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EXHAUST GAS CONTROL APPARATUS FOR INTERNAL COMBUSTION ENGINE 

BACKGROUND OF THE INVENTION 

5 L Field of the Invention 

[0001] The invention relates to an exhaust gas control apparatus for an internal 
combustion engine, and more specifically to an exhaust gas control apparatus for an 
internal combustion engine provided with a NOx storage/reduction catalyst. 
2 f Pescriptjon of the Related Art 
10 [0002] A NOx storage/reduction catalyst is known which stores NOx in the 

exhaust gas by at least one of adsorption and absorption when the air-fuel ratio of in- 
flowing exhaust gas is lean, and then reduces and purifies the stored NOx using, for 
example, HC and reduction components such as CO and H 2 (hereinafter these will be 
collectively termed "reduction components") in the exhaust gas when the air-fuel ratio of 
15 the in-flowing exhaust gas is rich. 

[0003] One such exhaust gas control apparatus for an internal combustion 
engine that uses this type of NOx storage/reduction catalyst is disclosed in Japanese 
patent laid open application No. JP(A) 2000-154713. 

[0004] The apparatus disclosed in this publication improves the NOx 
20 purification efficiency of the NOx storage/reduction catalyst by carrying an oxygen 
storage component on only the front half of a carrier of the NOx storage/reduction 
catalyst. 

[0005] When a three-way catalyst is provided in an exhaust passage on the 
upstream side of the NOx storage/reduction catalyst and that three-way catalyst has an 
25 oxygen (0 2 ) storage function, the exhaust gas control performance of the NOx 
storage/reduction catalyst may decline due to a delay in the change in the air-fuel ratio of 
the exhaust gas flowing into the NOx storage/reduction catalyst. 

[0006] As is well known, a three-way catalyst can be made to have an oxygen 
storage function by carrying on it metal components such as cerium Ce as an auxiliary 
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agent, in addition to a precious metal catalyst component such as platinum Pt, palladium 
Pd, or rhodium Rh. That is, cerium carried on a catalyst as an additive agent stores 
oxygen by bonding to the oxygen in the exhaust gas when the air-fuel ratio of the exhaust 
gas flowing into the catalyst is higher than the stoichiometric air-fuel ratio (i.e., when the 
5 air-fuel ratio of the exhaust gas is lean) to produce ceria (cerium oxide IV: Ce0 2 ). 
Further, when the air-fuel ratio of the in-flowing exhaust gas is equal to, or less than, the 
stoichiometric air-fuel ratio (i.e., the air-fuel ratio of the exhaust gas is rich), the ceria 
releases the oxygen to produce cerium oxide III (Ce 2 0 3 ). 

[0007] Therefore, in three-way catalyst having an 0 2 storage function, oxygen 

10 is released from the three-way catalyst when the air-fuel ratio of the exhaust gas changes 
from lean to rich. Even if the air-fiiel ratio of the exhaust gas flowing into the three-way 
catalyst changes to rich, the air-fuel ratio of the exhaust gas passing through the three- 
way catalyst is maintained near the stoichiometric air-fiiel ratio while oxygen is being 
released from the three-way catalyst. 

15 [0008] When the three-way catalyst provided in an exhaust passage on the 

/upstream side of the NOx storage/reduction catalyst has an 0 2 storage function , even if 
the air-fuel ratio of the exhaust gas from the engine changes from lean to rich during a 
rich spike operation of the engine, the air-fuel ratio of the exhaust gas flowing into the 
NOx storage/reduction catalyst does not immediately become rich, but rather is 

20 temporarily maintained near the stoichiometric air-fiiel ratio. That is, the reduction 
components in exhaust gas having a rich air-fuel ratio are oxidized by the oxygen 
released from the oxygen storage component of the catalyst, such that exhaust gas with 
an air-fuel ratio near the stoichiometric air-fuel ratio and which contains relatively few 
reduction components flows into the NOx storage/reduction catalyst. 

25 [0009] Meanwhile, NOx is released from the NOx storage/reduction catalyst 

when the air-fuel ratio of the exhaust gas changes (drops) from a lean air-fuel ratio to an 
air-fiiel ratio near the stoichiometric air-fiiel ratio, but the exhaust gas that flows into the 
NOx storage/reduction catalyst contains only a relatively small amount of reduction 
components, not enough to reduce the entire amount of NOx that is released. As a result, 
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the NOx that was released from the NOx storage/reduction catalyst and not reduced may 
flow out from the downstream side of the NOx storage/reduction catalyst. 

[0010] Because of this, the apparatus disclosed in Japanese laid open 
application No. JP(A) 2000-154713 improves the NOx purification efficiency of the NOx 
5 storage/reduction catalyst by applying the 0 2 storage function to the front half portion of 
the NOx storage/reduction catalyst or providing a three-way catalyst having an 0 2 storage 
function adjacent to, and on the upstream side of, the NOx storage/reduction catalyst. 

[0011] Accordingly, by providing the three-way catalyst having an 0 2 storage 
function on the upstream side of the NOx storage/reduction catalyst in this apparatus, the 

10 reduction components in the exhaust gas are oxidized by oxygen released from the ceria 
when the air-fuel ratio of the in-flowing exhaust gas is rich. Reaction heat from that 
reaction raises the temperature of the NOx storage/reduction catalyst component carried 
on the carrier, which promotes the release of NOx from the NOx storage/reduction 
catalyst and improves the catalyst activity. This is believed to increase the purification 

15 efficiency of the released NOx. 

[0012] As described above, the apparatus disclosed in Japanese patent laid 
open application No. JP(A) 2000-154713 improves the purification efficiency of the 
catalyst by carrying the oxygen storage component on only the front half of the carrier of 
the NOx storage/reduction catalyst. 

20 [0013] However, while having the oxygen storage component carried on only 

the front half of the catalyst carrier is beneficial for improving catalyst activity by raising 
the temperature of the catalyst by oxidizing the HC and CO in the exhaust gas when the 
air-fuel ratio is rich, as described in Japanese patent laid open application No. JP(A) 
2000-154713, problems still remain. That is, during the initial period of a change from 

25 a lean air-fuel ratio to a rich air-fuel ratio, the reduction components in the exhaust gas 
end up becoming oxidized by the oxygen released from the oxygen storage component, 
which results in a shortage of reduction components for reducing and purifying the NOx 
stored in the NOx storage/reduction catalyst. 

[0014] On the other hand, in order to solve this problem, it is also possible not 
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to have the oxygen storage component be carried on (either the front half or the back 
half) of the NOx storage/reduction catalyst carrier, as is done in the related art. 
However, the NOx storage/reduction catalyst functions as a three-way catalyst that 
simultaneously purifies three components (HC, CO, NOx) in the exhaust gas in a narrow 
5 air-fuel ratio range near the stoichiometric air-fuel ratio. Therefore, when the engine is 
operated near the stoichiometric air-fuel ratio, in order to eliminate relatively small air- 
fuel ratio fluctuations near the stoichiometric air-fiiel ratio of the exhaust gas and 
effectively utilize the three-way catalyst function of the NOx storage/reduction catalyst, it 
is necessary to carry at least a certain amount of the oxygen storage component on the 
10 carrier of the NOx storage/reduction catalyst. 

[0015] That is, even though carrying the oxygen storage component on the 
NOx storage/reduction catalyst carrier is problematic from the viewpoint of NOx control, 
in reality it is necessary to carry the oxygen storage component in order to make use of 
the three-way catalyst function. 

15 

SUMMARY OF THE INVENTION 



[0016] It is an object of this invention to provide an exhaust gas control 
apparatus for an internal combustion engine able to dramatically improve NOx 
20 purification efficiency of a NOx storage/reduction catalyst wherein the NOx 
storage/reduction catalyst carries on a NOx storage/reduction catalyst carrier, an amount 
of the oxygen storage component sufficient for the NOx storage/reduction catalyst to 
function as a three-way catalyst while minimizing the effects from the oxygen storage 
component. 

25 [0017] First aspect of the invention relates to an exhaust gas control apparatus 

for an internal combustion engine provided with a NOx storage/reduction catalyst 
provided in an exhaust passage and which stores NOx in exhaust gas by at least one of 
adsorption and absorption when an air-fiiel ratio of in-flowing exhaust gas is lean, and 
then reduces and purifies the stored NOx using reduction components in the exhaust gas 
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when the air-fuel ratio of the in-flowing exhaust gas is rich includes an upstream side 
portion of a carrier of the NOx storage/reduction catalyst, which is positioned on an 
upstream side of an exhaust gas flow, and a downstream side portion of the carrier of the 
NOx storage/reduction catalyst, which is positioned on the downstream side of the 
5 exhaust gas flow. The carrier carries an oxygen storage component that absorbs oxygen 
in the exhaust gas when the air-fuel ratio of the exhaust gas is lean and releases the 
absorbed oxygen when the air-fiiel ratio of the exhaust gas is rich. Also, the amount of 
the oxygen storage component on the upstream side portion of the carrier is made less 
than the amount of the oxygen storage component on the downstream side portion of the 
10 carrier. 

[0018] That is, both the upstream side portion and the downstream side portion 
carry an oxygen storage component in addition to the NOx storage/reduction catalyst 
carrier. 

[0019] According to the invention, the oxygen storage component is carried on 
15 the upstream side portion of the carrier of the NOx storage/reduction catalyst. As a 
result, there is a possibility that the reduction components (such as HC, CO, and H 2 ) in 
the exhaust gas may be oxidized by oxygen that is released from the oxygen storage 
component when the air-fuel ratio of the in-flowing exhaust gas changes from lean to rich, 
and NOx that is stored in the NOx storage/reduction catalyst at the upstream side portion 
20 of the carrier may be released without first being purified. 

[0020] However, because the amount of oxygen storage component carried on 
the upstream side portion of the carrier is set to a relatively small amount, the oxygen 
finishes being released from the upstream side portion of the carrier after a short period 
of time. Thus, after only a small amount of the reduction components has been oxidized 
25 (i.e., consumed), no more of the reduction components will be oxidized. Therefore, 
exhaust gas having a rich air-fuel ratio that includes a sufficient amount of reduction 
components reaches the upstream side portion of the carrier shortly after the air-fuel ratio 
is switched, such that all of the released NOx is reduced and purified, thereby preventing 
unpurified NOx from being released from the upstream side portion of the carrier. 
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[0021] Also, NOx in the exhaust gas usually starts being stored from the 
upstream side end portion of the NOx storage/reduction catalyst. Therefore, even when 
the amount of NOx stored on the upstream side portion of the carrier increases, the 
amount of NOx stored on the downstream side portion of the carrier is relatively low, so 
5 there is usually sufficient room with the NOx storage capacity of the downstream side 
portion of the carrier. 

[0022] Furthermore, because the amount of the oxygen storage component 
carried on the downstream side portion of the carrier is set to be a relatively large amount, 
a sufficient amount of oxygen is stored even after the oxygen storage component on the 

10 upstream side portion of the carrier has released its absorbed oxygen. 

[0023] Therefore, even when unpurified NOx is released from the upstream 
side portion of the carrier when the air-fuel ratio starts to change from lean to rich, NOx 
in the exhaust gas can still be stored without the air-fuel ratio at the downstream side 
portion of the carrier dropping very much. As a result, unpurified NOx released from 

15 the upstream side portion of the carrier when the air-fuel ratio starts to change is stored 
again in the downstream side portion of the carrier and therefore does not flow out from 
the downstream side of the NOx storage/reduction catalyst. 

[0024] Also, while the amount of the oxygen storage component stored on the 
upstream side portion of the carrier is set to be small, the amount of the oxygen storage 

20 component stored on the downstream side portion of the carrier is set to be large. As a 
result, it is possible for a sufficient amount of the oxygen storage component to be carried 
on the entire NOx storage/reduction catalyst. Accordingly, the NOx storage/reduction 
catalyst is able to display sufficient performance as a three-way catalyst even during 
operation near the stoichiometric air-fiiel ratio. 

25 [0025] According to the first aspect of the invention, it is possible to 

dramatically improve the NOx purification efficiency of the NOx storage/reduction 
catalyst by minimizing the adverse effects of the oxygen storage component on the NOx 
purification and while carrying, on the NOx storage/reduction catalyst carrier, an amount 
of the oxygen storage component sufficient to make the NOx storage/reduction catalyst 
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function as a three-way catalyst. 

[0026] In the first aspect of the invention, the NOx storage capacity of the 
upstream side portion of the carrier may be made greater than the NOx storage capacity 
of the downstream side portion of the carrier. That is, the NOx storage capacity of the 
5 upstream side portion of the carrier may be set relatively large. As a result, a relatively 
large amount of NOx can be stored, reduced, and purified mainly at the upstream side 
portion of the carrier, which carries a small amount of the oxygen storage component of 
the NOx storage/reduction catalyst. Accordingly, it is possible to efficiently reduce and 
purify the stored NOx with only a small amount of reducing agents and the like 

10 consumed by the oxygen storage component at the start (at the beginning of the change 
from a lean air-fuel ratio to a rich air-fuel ratio) of reduction/purification. 

[0027] Furthermore, the upstream side portion of the carrier and the 
downstream side portion of the carrier may be carried at least one of platinum, palladium 
and rhodium, and the NOx storage capacity of the upstream side portion of the earner 

15 may be made greater than the NOx storage capacity of the downstream side portion of the 
carrier by changing an amount of at least one of platinum, palladium and rhodium carried 
on the upstream side de portion of the carrier and the downstream side portion of the 
carrier. That is, the NOx storage capacity of the upstream side portion of the carrier of 
the NOx storage/reduction catalyst and the downstream side portion of the carrier of the 

20 NOx storage/reduction catalyst can be changed by changing the amount of at least one of 
platinum, palladium, and rhodium component carried on each of those portions. Most 
of the NOx components in the exhaust gas of the internal combustion engine are nitrogen 
monoxide (NO). However, because the NOx storage/reduction catalyst can only store 
oxides of nitrogen (NOx) in the form of N0 2 , it first must oxidize the NO to convert it to 

25 N0 2 . Further, because at least one of platinum, palladium, and rhodium functions as an 
oxidation catalyst in an oxidized atmosphere (i.e., when the air-fuel ratio is lean), NO 
within the exhaust gas is able to be oxidized to produce N0 2 . 

[0028] Accordingly, by changing the amount of at least one of platinum, 
palladium, and rhodium component carried on the upstream side and downstream side 
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portions of the carrier of the NOx storage/reduction catalyst so as to make the amount of 
at least one of platinum, palladium, and rhodium on the upstream side portion of the 
carrier large, for example, the amount of N0 2 produced at the upstream side portion of 
the carrier will increase so that more N0 2 is able to be stored per unit volume of the 
5 carrier. That is, the NOx storage capacity can be changed by changing the amount of at 
least one of platinum, palladium, and rhodium carried on the carrier. 

[0029] Further, the NOx storage capacity of the upstream side portion of the 
carrier may be made greater than the NOx storage capacity of the downstream side 
portion of the carrier by changing at least one of a carrier cell shape, a carrier cell size, 

10 and a carrier cell number on the upstream side portion of the carrier and the downstream 
side portion of the carrier. This enables the NOx storage capacity of the upstream side 
portion of the carrier to be larger than the NOx storage capacity of the downstream side 
portion of the carrier. That is, the NOx storage capacities of the upstream side portion 
of the carrier and the downstream side portion of the carrier can be changed by changing 

15 at least one of the cell shape, cell size, and cell number of the carrier. 

[0030] For example, the cell number per unit volume of the carrier can be 
changed by changing the cell shape (the shape of the cross section of the exhaust gas flow 
path) of the carrier or by changing the cell size. However, changing the cell number (i.e., 
the hole ratio) per unit volume enables the amount of catalyst component carried per unit 

20 volume of the carrier (i.e., the amount of coating material) to be increased or decreased 
and still have the same coating thickness on each cell surface. 

[0031] Accordingly, it is possible to increase the amount of NOx 
storage/reduction catalyst carried on the upstream side, and therefore increase the NOx 
storage capacity by, for example, making the shape of the cells of the downstream side 

25 portion of the carrier a normal quadrangle and making the shape of the cells of the 
upstream side portion of the carrier a polygon such as a hexagon, or by increasing the cell 
density by making the diameter of the cells on the upstream side portion of the carrier 
smaller than the diameter of the cells on the downstream side portion of the carrier. 

[0032] In this case as well, the oxygen storage capacity of the upstream side 
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portion of the carrier can be made smaller than the oxygen storage capacity of the 
downstream side portion of the carrier by, for example, making the amount of oxygen 
storage component (such as ceria) carried on the upstream side portion of the carrier less 
than the amount carried on the downstream side portion. 
5 [0033] In the first aspect of the invention, the upstream side portion of the 

carrier and the downstream side portion of the carrier may be provided separately. This 
is convenient for changing the cell shape or cell size of the carrier when changing the 
NOx storage capacity. 

[0034] In the first aspect of the invention, the upstream side portion of the 
10 carrier and the downstream side portion of the carrier may be provided integrally. 

BRIEF DESCRIPTION OF THE PRAWINGS 

[0035] FIG 1 schematically shows the construction of an exemplary 
15 embodiment in which the invention is applied to an internal combustion engine of an 
automobile; 

[0036] FIG. 2 is a view illustrating one example of a construction of a converter 
shown in FIG 1; 

[0037] FIG 3 is a view illustrating the NOx purification efficiency of a NOx 
20 storage/reduction catalyst according to this exemplary embodiment; 

[0038] FIG 4 is a view illustrating the change over time in NOx concentration 
in exhaust gas at the outlet of the NOx storage/reduction catalyst according to the 
exemplary embodiment; 

[0039] FIG 5 is a view of another example of a construction of a converter that 
25 is different from the example shown in FIG 1; and 

[0040] FIG 6 is a view of yet another example of a construction of a converter 
that is different from the examples shown in FIG 1 and FIG 5. 
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DETAILED D ESCRIPTION OF THE PREFERRED EMBODIMENTS 



[0041] In the following description and the accompanying drawings, the 
present invention will be described in more detail in terms of exemplary embodiments. 
5 [0042] FIG 1 schematically shows the construction of an exemplary 

embodiment in which the invention is applied to an automobile engine. 

[0043] In the drawing, an internal combustion engine for an automobile 
(hereinafter simply referred to as "engine") 1 is a four cylinder gasoline engine having 
four cylinders #1 to #4. Each cylinder #1 to #4 is provided with a fuel injection valve 

10 111 to 114 which injects fuel directly into the cylinder. As will be described later, the 
engine 1 in this exemplary embodiment is a lean burn engine capable of operating with 
an air-fuel ratio higher than the stoichiometric air-fiiel ratio (i.e., a lean air-fuel ratio). 

[0044] Also in this exemplary embodiment, the cylinders #1 to #4 are divided 
into two cylinder groups, each group including two cylinders which do not have 

15 sequential ignition timings (i.e., two cylinders that do not fire sequentially). For 
example, in the exemplary embodiment shown in FIG 1, the cylinder firing order is 1-3- 
4-2, so one group includes cylinders #1 and #4 and the other group includes cylinder #2 
and #3. Also, an exhaust port of each cylinder in any one group is connected to an 
exhaust manifold for that cylinder group, which is in turn connected to an exhaust 

20 passage for that cylinder group. 

[0045] In FIG 1, reference numeral 21a denotes an exhaust manifold in which 
the exhaust ports of the cylinder group that includes cylinders #1 and #4 are connected to 
an individual exhaust passage 2a. Likewise, reference numeral 21b denotes an exhaust 
manifold in which the exhaust ports of the cylinder group that includes cylinders #2 and 

25 #3 are connected to an individual exhaust passage 2b. In this exemplary embodiment, 
three-way catalysts which serve as start catalysts (hereinafter simply referred to as "SCs") 
5a and 5b are arranged in the individual exhaust passages 2a and 2b, respectively. Also, 
these individual exhaust passages 2a and 2b join into a common exhaust passage 2 on the 
downstream side of the SCs. 
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[0046] A converter 70, in which a NOx storage/reduction catalyst 7, to be 
described later, is housed in a casing 70a, is provided in the common exhaust passage 2. 
The construction of this converter 70 will be described later. 

[0047] As shown in FIG 1, upstream side air-fuel ratio sensors 29a and 29b are 
5 provided on the upstream side of the SCs 5a and 5b in the individual exhaust passages 2a 
and 2b. A downstream side air-fuel ratio sensor 31 is provided on the downstream side 
of the converter 70 in the exhaust passage 2. These air-fuel ratio sensors 29a, 29b, and 
31 are so-called linear air-fiiel ratio sensors that output voltage signals corresponding to 
the exhaust gas air-fuel ratio over a wide air-fuel ratio range. 

10 [0048] An electronic control unit (ECU) 30, which in this exemplary 

embodiment is a microcomputer of a well known construction including RAM, ROM and 
a CPU, performs basic controls such as ignition timing control and fuel injection control 
of the engine 1. Also in this exemplary embodiment, in addition to performing the 
aforementioned basic controls, the ECU 30 also performs a control to change the 

15 operating air-fuel ratio of the engine by changing the fuel injection mode of the in- 
cylinder injection valves 111 to 114 according to the engine operating state, as will be 
described later. 

[0049] Various signals are input into an input port of the ECU 30. For 
example, signals indicative of the exhaust gas air-fuel ratios on the upstream sides of the 

20 SCs 5a and 5b are input from the upstream side air-fuel ratio sensors 29a and 29b; a 
signal indicative of the exhaust gas air-fuel ratio on the downstream side of the converter 
70 is input from the air-fiiel ratio sensor 31; a signal corresponding to an intake air 
pressure of the engine is input from an intake air pressure sensor 33 provided in the 
engine intake manifold, not shown; and a signal corresponding to the engine speed is 

25 input from an engine speed sensor 35 provided near the engine crankshaft (not shown). 

[0050] Further, according to this exemplary embodiment, a signal indicative of 
an accelerator depression amount (accelerator opening amount) by a driver is input to the 
input port of the ECU 30 from an accelerator opening amount sensor 37 positioned near 
an accelerator pedal, not shown, of the engine 1. Also, an output port of the ECU 30 is 
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connected to the fuel injection valves 111 to 114 of the cylinders via fuel injection 
circuits, not shown, in order to control the fuel injection quantity and fuel injection timing 
for each of the cylinders. 

[0051] Next, the converter 70 according to the exemplary embodiment will be 
5 described. 

[0052] FIG 2 is a sectional view showing the construction of the converter 70 
according to the exemplary embodiment. The converter 70 is formed with the NOx 
storage/reduction catalyst 7 housed in the casing 70a. 

[0053] The NOx storage/reduction catalyst 7 of the exemplary embodiment 

10 uses a carrier of cordierite, for example, having a honeycomb construction, for example, 
with an alumina coating on its surface. The alumina layer carries a precious metal such 
as platinum Pt, palladium Pd, and rhodium Rh and at least one component selected from 
among an alkali metal such as kalium K, natrium Na, lithium Li, and cesium Cs, an 
alkaline earth metal such as barium Ba and calcium Ca, and a rare-earth metal such as 

15 lanthanum La, cerium Ce and yttrium Y. The NOx storage/reduction catalyst performs a 
NOx absorption/release operation in which it absorbs NOx (N0 2 and NO) in the exhaust 
gas in the form of nitrate ions N0 3 " when the air-fuel ratio of the in-flowing exhaust gas is 
lean, and releases the absorbed NOx when the oxygen concentration in the exhaust gas 
drops. 

20 [0054] For example, when the engine 1 is operating at a lean air-fuel ratio such 

that the exhaust gas flowing into the NOx storage/reduction catalyst 7 has a lean air-fuel 
ratio, the NOx (NO) in the exhaust gas becomes oxidized on, for example, platinum Pt so 
as to produce N0 2 , which further oxidizes thus producing nitrate ions. When barium 
oxide BaO is used as an absorption agent, for example, these nitrate ions become 

25 absorbed in the absorption agent and diffuse in the absorption agent in the form of nitrate 
ions N0 3 ~ while bonding with the barium oxide BaO. Therefore, in a lean atmosphere, 
NOx in the exhaust gas will be stored in the form of nitrates. 

[0055] When the oxygen concentration in the in-flowing exhaust gas decreases 
drastically (i.e., when the air-fuel ratio of the exhaust gas becomes the stoichiometric air- 



WO 2005/038208 PCT/IB2004/003353 

13 

fuel ratio or a rich air-fuel ratio), the amount of nitrate ions produced on the platinum Pt 
decreases, resulting in the reaction progressing in the opposite direction, with the nitrate 
ions N0 3 " in the absorption agent being released therefrom in the form of N0 2 . In this 
case, when there are components in the exhaust gas that function as reducing agents, such 
5 as CO, HC, and H 2 , the N0 2 is reduced by these components on the platinum Pt. 

[0056] Also in this exemplary embodiment, in addition to the NOx 
storage/reduction catalyst component, a metal component such as cerium Ce as an 
oxygen storage component is also carried on the alumina layer of the carrier, thereby 
giving the carrier an oxygen (0 2 ) storage function. 

10 [0057] The cerium carried on the alumina layer stores oxygen by bonding to 

the oxygen in the exhaust gas when the air-fuel ratio of the exhaust gas flowing into the 
catalyst is higher than the stoichiometric air-fuel ratio (i.e., when the air-fuel ratio of the 
exhaust gas is lean) to produce ceria (cerium oxide IV: Ce0 2 ). Further, when the air-fuel 
ratio of the in-flowing exhaust gas is equal to, or less than, the stoichiometric air-fuel 

15 ratio (i.e., the air-fiiel ratio of the exhaust gas is rich), the ceria releases the oxygen to 
produce cerium oxide HI (Ce 2 0 3 ). 

[0058] That is, the oxygen storage component performs an 0 2 storage operation 
in which it absorbs oxygen in the exhaust gas when the air-fuel ratio of the in-flowing 
exhaust gas is lean, and releases the absorbed oxygen when the air-fiiel ratio of the in- 

20 flowing exhaust gas becomes rich. 

[0059] Therefore, when the air-fuel ratio of the exhaust gas changes from lean 
to rich, for example, the oxygen storage component releases oxygen, such that even after 
the air-fiiel ratio of the exhaust gas flowing into the catalyst changes to a rich air-fuel 
ratio, the atmosphere in the catalyst is maintained near the stoichiometric air-fiiel ratio 

25 without becoming rich while oxygen is being released. 

[0060] Further, when the air-fiiel ratio of the exhaust gas changes the other way, 
i.e., from rich to lean, the oxygen storage component absorbs oxygen in the exhaust gas, 
such that even after the air-fuel ratio of the exhaust gas flowing into the catalyst changes 
to lean, the atmosphere inside the catalyst is maintained near the stoichiometric air-fuel 
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ratio until the oxygen storage component becomes saturated with oxygen. 

[0061] In this exemplary embodiment, when the amount of NOx absorbed by 
the NOx storage/reduction catalyst during lean air-fuel ratio operation of the engine 1 
increases, a rich spike operation is performed in which the air-fiiel ratio is switched for a 
5 short time from lean to rich, such that NOx is released from the NOx storage/reduction 
catalyst and is reduced and purified. 

[0062] When the oxygen storage component is carried together with the NOx 
storage/reduction catalyst, even when the air-fuel ratio of the exhaust gas is switched 
from lean to rich during a rich spike due to an 0 2 storage operation, reduction 
10 components such as CO and H 2 in the exhaust gas flowing into the NOx storage/reduction 
catalyst end up becoming oxidized by the oxygen released from the oxygen storage 
component, which results in the atmosphere within the NOx storage/reduction catalyst 
being maintained at an air-fuel ratio near the stoichiometric air-fuel ratio at the beginning 
of the rich spike. 

15 [0063] On the other hand, as the air-fiiel ratio drops, NOx is released from the 

NOx storage/reduction catalyst. Because the reduction components in the exhaust gas 
flowing into the catalyst end up becoming oxidized by the oxygen released from the 
oxygen storage component, however, there are not enough reduction components 
necessary to reduce and purify the released NOx in the catalyst, as described above. 

20 Therefore, when a conventional NOx storage/reduction catalyst is made to carry an 
oxygen storage component, the NOx released from the NOx storage/reduction catalyst at 
the beginning of the rich spike ends up being released from the downstream side of the 
catalyst without being reduced, and therefore unpurified, due to the shortage of reduction 
components. 

25 [0064] In order to prevent this, it is possible not to provide the oxygen storage 

component in the NOx storage/reduction catalyst or on the upstream side thereof so that 
no oxygen would be released at the beginning of the rich spike. However, in order to 
improve the performance of the NOx storage/reduction catalyst as a three-way catalyst, it 
is necessary that the NOx storage/reduction catalyst carry an oxygen storage component. 
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[0065] For example, in a narrow air-fuel ratio range centered around the 
stoichiometric air-fiiel ratio, platinum Pt has the capability of a three-way catalyst, in that 
it can simultaneously purify three components (HC, CO, and NOx) in the exhaust gas. 
[0066] Also, like the engine 1 in the exemplary embodiment, in an engine 
5 operating over a broad range from a lean air-fuel ratio to a rich air-fiiel ratio, there are 
many opportunities for the engine to operate at the stoichiometric air-fuel ratio. 
Therefore, in this exemplary embodiment, it is necessary to maximize use of the 
capability of the NOx storage/reduction catalyst 7 as a three-way catalyst at the 
stoichiometric air-fuel ratio. 

10 [0067] As described above, in order for the NOx storage/reduction catalyst to 

purify the three components (i.e., HC, CO, and NOx) simultaneously, the air-fuel ratio of 
the exhaust gas must be in a narrow range centered around the stoichiometric air-fuel 
ratio. Therefore, even if the air-fuel ratio fluctuates somewhat while the engine 1 is 
operating at the stoichiometric air-fuel ratio, the 0 2 storage effect achieved by the exhaust 

15 gas storage component is necessary to maintain the atmosphere inside the NOx 
storage/reduction catalyst near the stoichiometric air-fuel ratio and display the three-way 
capability. 

[0068] Therefore, conventionally, in order to effectively utilize the three-way 
capability of a NOx storage/reduction catalyst, a certain amount of an oxygen storage 
20 component is carried together with the NOx storage/reduction catalyst on the carrier. As 
described above, however, the oxygen storage component results, for example, in 
unpurified NOx components being released at the beginning of a rich spike operation, 
such that the overall NOx purification efficiency is unable to be improved. 

[0069] This exemplary embodiment solves this problem by dividing the 
25 catalyst carrier into an upstream side portion (front half) 7a and a downstream side 
portion (back half) 7b and changing the 0 2 storage capacity and the NOx storage capacity 
of each carrier portion. 

[0070] That is, in this exemplary embodiment, the relationship between the 0 2 
storage capacities and the NOx storage capacities of the upstream side portion 7a and the 
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downstream side portion 7b are set as follows. 

[0071] (1) The 0 2 storage capacity of the upstream side portion 7a is less than 
the 0 2 storage capacity of the downstream side portion 7b. 

[0072] (2) The NOx storage capacity of the upstream side portion 7a is 
5 greater than the NOx storage capacity of the downstream side portion 7b. 

[0073] The effects of each are as follows. 

[0074] (1) An effect is achieved by setting the 0 2 storage capacity (OSC) of the 
upstream side portion 7a less than the 0 2 storage capacity of the downstream side portion 
7b. 

10 [0075] The effects achieved by making the oxygen storage capacity of the 

upstream side portion 7a less than the oxygen storage capacity of the downstream side 
portion 7b are as follows. 

[0076] That is, when the NOx storage/reduction catalyst absorbs NOx in the 
exhaust gas, the storage amount increases from the upstream side portion first. 

15 Therefore, even when the amount of NOx stored at the upstream side portion reaches a 
certain value such that a rich spike is executed, the amount of NOx stored at the 
downstream side portion is usually relatively small so there is still sufficient room to 
store NOx there. 

[0077] When a rich spike is executed in this state, reduction components in the 
20 exhaust gas are consumed at the beginning of the rich spike due to the oxygen storage 
capacity (OSC) described above, so NOx released at the upstream side portion of the 
catalyst flows into the downstream side portion without being purified. 

[0078] Because the OSC of the downstream side portion is relatively large so 
that a relatively large amount of oxygen is released, the air-fuel ratio there does not drop 
25 much. Also, because the amount of NOx absorbed at the downstream side portion is 
less than it is at the upstream side portion, as described above, there is still sufficient 
room to store NOx there. 

[0079] Accordingly, the unpurified NOx that flows out from the upstream side 
portion is stored in the NOx storage/reduction catalyst, which prevents it from flowing 
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out from the downstream side of the catalyst. 

[0080] On the other hand, because the OSC of the upstream side portion is 
small, the reduction components in the exhaust gas are only consumed by the released 
oxygen for a short period of time, such that a sufficient amount of reduction components 
5 can be supplied inside the NOx storage/reduction catalyst thereafter. As a result, the 
NOx is released and reduced and purified in sequence from the upstream side portion of 
the NOx storage/reduction catalyst. 

[0081] That is, the exemplary embodiment achieves the following: a) by 
making the OSC of the downstream side portion of the NOx storage/reduction catalyst 

10 large, unpurified NOx released from the upstream side portion of the NOx 
storage/reduction catalyst at the beginning of a rich spike is re-stored at the downstream 
side portion and thus prevented from flowing out at the downstream side, and b) by 
making the OSC of the upstream side portion of the NOx storage/reduction catalyst small, 
the amount of oxygen released at the beginning of the rich spike is reduced so the amount 

15 of unpurified NOx released from the upstream side portion is less. Moreover, the 
amount of reduction components in the exhaust gas needlessly consumed that are not 
used to purify NOx is reduced, making it possible to purify NOx efficiently. 

[0082] When all of the NOx stored in the upstream side portion is reduced and 
purified during a rich spike, the reduction components such as CO and HC in the exhaust 

20 gas pass through the upstream side portion and flow into the downstream side portion. 
In order to prevent unpurified HC and CO and the like from flowing out of the 
downstream side of the catalyst, there was conventionally a need to end the rich spike 
before all of the NOx stored in the NOx storage/reduction catalyst is reduced, i.e., before 
the NOx storage amount reaches zero. 

25 [0083] In contrast, according to this exemplary embodiment, because the OSC 

of the downstream side portion is set large, even if exhaust gas containing large amounts 
of HC and CO flows from the upstream side portion of the NOx storage/reduction 
catalyst into the downstream side portion thereof, that HC and CO are able to be purified 
by the oxygen released from the downstream side portion so no unpurified HC or CO 
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flows out from the NOx storage/reduction catalyst. Therefore, according to this 
exemplary embodiment, a rich spike is able to be performed until the NOx storage 
amount of the upstream side portion completely reaches zero without unpurified HC and 
CO and the like flowing out, thereby enabling NOx to be purified efficiently. 
5 [0084] Also, in this exemplary embodiment, even though the OSC of the 

upstream side portion is less than it is conventionally, it is possible to make the OSC of 
the downstream side greater than it is conventionally. Therefore, the OSC of the overall 
NOx storage/reduction catalyst can be set equal to, or greater than, what it is 
conventionally set to without a decline in the purification efficiency of the NOx, such that 
10 it is possible to effectively utilize the three-way catalyst capability of the NOx 
storage/reduction catalyst near the stoichiometric air-fuel ratio. 

[0085] (2) An effect is achieved by making the NOx storage capacity of the 
upstream side portion 7a greater than the NOx storage capacity of the downstream side 
portion 7a. 

15 [0086] As described above, by making the NOx storage capacity of the 

upstream side portion 7a greater than the NOx storage capacity of the downstream side 
portion 7b, in addition to making the 0 2 storage capacity of the upstream side portion 7a 
less than the 0 2 storage capacity of the downstream side portion 7b, the exemplary 
embodiment achieves the following effects. 

20 [0087] That is, as described above, with the NOx storage/reduction catalyst 

according to the exemplary embodiment, the OSC of the upstream side portion is set 
small so the amount of reduction components in the exhaust gas that are needlessly 
consumed at the beginning of a rich spike is relatively small. Also, in the upstream side 
portion, it is possible to completely purify the stored NOx without exhausting unpurified 

25 HC and CO components outside the catalyst. Accordingly, it is possible to reduce and 
purify stored NOx far more efficiently than normal at the upstream side portion. 

[0088] Therefore, by setting the NOx storage capacity (i.e., the amount of NOx 
able to be stored per unit volume of the carrier) of the upstream side portion larger than 
the NOx storage capacity of the downstream side portion, it is possible to purify 
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primarily NOx in the exhaust gas at the upstream side portion where NOx can be purified 
efficiently, and thus possible to drastically improve overall NOx purification efficiency 
compared with conventional technology. 

[0089] FIG 3 is a graph showing a change in the NOx purification efficiency 
5 (i.e., the amount of NOx in the exhaust gas flowing out of the catalyst divided by the 
amount of NOx in the exhaust gas flowing into the catalyst) between (A) a conventional 
NOx storage/reduction catalyst having a uniform OSC and NOx storage capacity 
distribution over the entire catalyst carrier, (B) a case in which the OSC of the upstream 
side portion of the carrier is set to be less than the OSC of the downstream side portion 

10 (in the case of (1) above), and (C) a case in which, in addition to the OSC of the upstream 
side portion of the carrier being set to less than the OSC of the downstream side portion, 
the NOx storage capacity of the upstream side portion of the carrier is set to be greater 
than the NOx storage capacity of the downstream side portion (in the case of (2) above). 
[0090] The vertical bars in FIG. 3 show the overall NOx purification efficiency 

15 in each of the above cases when a rich spike is performed each time the NOx storage 
amount of the NOx storage/reduction catalyst reaches a predetermined amount (800 mg). 

[0091] As shown in the drawing, in the case of (A) with the conventional NOx 
storage/reduction catalyst having a uniform OSC and NOx storage capacity distribution 
over the entire catalyst carrier, the overall NOx purification efficiency is relatively low. 

20 Compared to this, in the case of (B) in which the OSC of the upstream side portion of the 
carrier is set to be small, the overall NOx purification efficiency improves. Furthermore, 
in the case of (C) in which the NOx storage capacity of the upstream side portion is set 
large in addition to the OSC of the upstream side portion of the carrier being set small, 
the NOx purification efficiency improves drastically. 

25 [0092] In addition, FIG 4 shows a change in the concentration of NOx in the 

exhaust at the outlet of the NOx storage/reduction catalyst under actual use conditions. 
In the graph, the horizontal axis indicates time and the vertical axis indicates the NOx 
concentration at the outlet of the NOx storage/reduction catalyst. Lines indicated by the 
letters "RS" indicate the timing at which the rich spike operation is executed (a rich spike 
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lasting for 1 second is repeated every 60 seconds in the example shown in FIG 4). 

[0093] In FIG 4, broken line A shows the conventional NOx storage/reduction 
catalyst having a uniform OSC and NOx storage capacity distribution over the entire 
catalyst carrier, and solid line C shows the NOx storage/reduction catalyst in which the 
5 OSC of the upstream side portion of the carrier is set smaller than the OSC of the 
downstream side portion and the NOx storage capacity of the upstream side portion is set 
larger than the NOx storage capacity of the downstream side portion (in the case of C in 
FIG 3). 

[0094] With the conventional NOx storage/reduction catalyst (broken line A), 

10 when a rich spike is executed, a relatively large amount of unpurified NOx is released at 
the beginning of the rich spike due to the effect of the OSC (shown by al in FIG 4). 
Further, when the NOx starts to be stored after the rich spike ends, the NOx concentration 
at the outlet of the NOx storage/reduction catalyst does decrease, but because the stored 
NOx amount does not completely become zero even when the rich spike ends, the NOx 

15 concentration at the outlet increases in a relatively short time such that it ends up being 
relatively high (a2 in FIG 4) right before the start of the next rich spike. 

[0095] In contrast, in the exemplary embodiment (solid line C), because the 
OSC of the upstream side portion of the carrier is set low, and amount of unpurified NOx 
released at the beginning of a rich spike is small. Further, because the OSC of the 

20 downstream side portion is set large, the unpurified NOx that is released from the 
upstream side portion is stored again in the downstream side portion, preventing it from 
flowing out of the catalyst. As a result, the unpurified NOx that is released at the 
beginning of a rich spike is dramatically reduced (cl in FIG 4). 

[0096] Also in this exemplary embodiment, it is possible to effectively use the 

25 reduction components in the exhaust gas even if the rich spike timing is the same because 
the OSC of the upstream side portion is set low, such that the amount of NOx stored in 
the NOx storage/reduction catalyst after the rich spike is less than it is conventionally. 
Furthermore, by setting the NOx storage capacity of the upstream side portion large, NOx 
can be purified efficiently using mainly that upstream side portion. As a result, the 
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amount of increase in the NOx concentration at the outlet after a rich spike is reduced 
such that NOx concentration right before the start of the next rich spike is dramatically 
low (c2 in FIG 4). 

[0097] The OSC (oxygen storage capacity) can be easily changed by changing 
5 the amount of the oxygen storage component (such as ceria) carried on the carrier. 
Therefore, it is easily possible to make the OSC of the upstream side portion smaller than 
the OSC of the downstream side by, for example, decreasing the amount of ceria carried 
on the upstream side portion of the carrier and increasing the amount of ceria carried on 
the downstream side portion of the carrier. Also, the total amount of ceria carried on the 

10 upstream side and downstream side portions is set to an amount sufficient for enabling 
the NOx storage/reductipn catalyst 7 to function as a three-way catalyst near the 
stoichiometric air-fuel ratio. 

[0098] Further, one way to increase the NOx storage capacity at the upstream 
side portion of the carrier, for example, is to increase the amount of platinum carried on 

15 that portion. Another way is to change the cell concentration on the upstream side 
portion and the downstream side portion by changing either the number or the shape of 
cells on the upstream side portion and downstream side portion, if possible. 

[0099] As described above, the NOx storage/reduction catalyst is capable of 
storing NOx only in the form of N0 2 . Because most of the NOx in the exhaust gas is 

20 NO, the concentration of N0 2 in the exhaust gas directly affects the amount of NOx 
stored in the NOx storage/reduction catalyst. The NOx storage/reduction catalyst 
converts NOx into a storable form by oxidizing NO with the platinum component. 
Accordingly, by increasing the amount of platinum carried on the upstream side portion, 
the catalyst is able to convert more NO into N0 2 at that portion. As a result, more NOx 

25 is able to be stored on the upstream side portion of the NOx storage/reduction catalyst. 
That is, by increasing the amount of platinum component carried on the upstream side 
portion, it possible to increase the NOx storage capacity of that upstream side portion. 

[0100] Further, the NOx storage capacity can be changed by changing not only 
the amount of platinum carried on the carrier, as described above, but also the number of 
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cells (i.e., the cell density) per unit volume of the carrier. That is, increasing the cell 
density increases the amount of coating material per unit volume, even though the 
thickness of the wash-coat is the same. More coating material per unit volume results in 
a greater NOx storage capacity. 
5 [0101] One typical method used to increase the cell density is to make the size 

of the individual cells smaller and increase the number of cells. However, it is also 
possible, for example, to change the cell shape from quadrilateral in cross section to 
hexagonal in cross section so as to increase the effective area per predetermined amount 
of coating material. 

10 [0102] In the foregoing exemplary embodiment, a single catalyst carrier is 

divided into two sections, i.e., a front half portion and a back half portion, as shown in 
FIG 2, and the OSC and NOx storage capacities of each are changed. The invention is 
not limited to this exemplary embodiment, however. For example, the catalyst carrier 
may be divided into three or more sections and the OSC and NOx storage capacities 

15 changed for each section from the upstream side of the carrier toward the downstream 
side of the carrier, or the OSC and the NOx storage capacities may be changed 
sequentially from the upstream side end portion of the carrier to the downstream side end 
portion of the carrier. 

[0103] Furthermore, the carrier in the example in FIG 2 is formed of a single 
20 unit. However, the upstream side portion 7a and the downstream side portion 7b may 
also be formed separately and housed in the same converter casing, as shown in FIG 5, 
for example. Alternatively, the upstream side portion and the downstream side portion 
may be housed in separate casings, as shown in FIG 6. 

[0104] In particular, when the NOx storage capacity is changed by changing 
25 the shape or size of the cells of the carrier, it is especially preferable to form the upstream 
side portion and the downstream side portion of the carrier separately, as shown in FIGS. 
5 and 6. 

[0105] The converter 70 which houses the NOx storage/reduction catalyst is 
provided in the exhaust passage 2 of the engine 1 . At the front half portion (inlet side 
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portion) 7a of the carrier of the NOx storage/reduction catalyst in the converter 70, the 
amount of an oxygen storage component is made less than it is at the rear half portion 
(outlet side portion) 7b of the carrier, and a NOx storage capacity is made larger than it is 
at the rear half portion 7b of the carrier. As a result, unpurified NOx released from the 
5 front half portion 7a of the carrier at the beginning of a rich spike due to an 0 2 storage 
operation is able to be stored in the rear half portion 7b of the carrier, and so is not 
exhausted outside the catalyst. Moreover, the amount of HC and CO components in the 
exhaust gas that are needlessly consumed by the 0 2 storage operation without being used 
to purify NOx is reduced, making it possible to purify NOx efficiently. 



